We studied sediment cores from Sayram Lake in the 1930 and 1980 to 2000. 
INTRODUCTION
In arid regions, climate variability and human land use influence dust production and aeolian transport (Derbyshire et al., 1998; O'Hara et al., 2000) . In turn, dust particles are an important influence on climate and terrestrial biogeochemical cycles (Neff et al., 2008) . Lake sediments are composed of autochthonous and allochthonous materials that provide information about past environmental change in the surrounding watershed. Sediment particle size has been use as a proxy for past environmental conditions because it is sensitive to climate change and is unaffected by biological activity (Asikainen et al., 2007; Chen et al., 2004; Peng et al., 2005; Qiang et al., 2007) . Xiao et al. (2012 Xiao et al. ( , 2013 used a lognormal distribution function to investigate the relationship between the identity of constituent components and the specific depositional processes and sedimentary environment. Boulay et al. (2003) and Wan et al. (2007) identified intervals with the highest particle size variability in a sediment sequence from the South China Sea, by calculating the standard deviation of the particle size classes. Sun et al. (2002) estimated particle size components by fitting a defined function formula (Weibull function) to measured particle size data from samples, thereby achieving numerical partitioning of the sediment components. Weltje and Prins (2007) and Dietze et al. (2012) used end-member mixing analysis of a data set to derive quantitative and geo-scientifically meaningful end members (EMs), which represent a series of fixed compositions that can be regarded as distinct subpopulations within the analysed data set.
The Tianshan Mountains provide source waters for the main rivers of Central Asia. The mountains extend over 2500 km, from Tashkent, Uzbekistan, eastward into the Chinese province of Xinjiang (Zhao et al., 2009) . Sayram is a closed-basin lake in the western Tianshan Mountains of northwest China. Given its basin structure and location, Sayram Lake possesses a high-quality sediment archive that can be utilized to increase our understanding of past climate and environmental change. The Sayram Lake sediment record was used to evaluate anthropogenic metal accumulations and quantify the human contribution to heavy metal pollution in the water body . Liu et al. (2014) used multiple sediment variables, including geochemical composition, carbonate content, magnetic susceptibility, and δ 13 C and δ
18
O of bulk carbonate, to infer regional environmental change.
In this study, we applied an end-member modeling algorithm (Dietze et al., 2012) to separate the distributions of particle sizes in Sayram Lake sediments. Our objectives were to: i) quantify aeolian transport of material in the re-N o n -c o m m e r c i a l u s e o n l y gion; and ii) identify general environmental patterns in the Tianshan Mountains over the past ~150 years. Data from this study have relevance for future management and protection of the watershed.
METHODS

Regional setting
Sayram Lake is located in the western part of the Tianshan Mountains, northwest China (Fig. 1) . The lake surface area fluctuated between 458.6 and 462.2 km 2 over the decade from 2001 to 2011 . The water body is surrounded by high mountains and has a catchment area of 1408 km 2 (Wang and Dou, 1998) . The vegetation of Sayram Lake Basin has relatively simple composition and obviously vertical bands. Above the 3800 m above sea level (asl), the surface is snow-covered region. From 3800 m to 2800 m asl, the vegetation changes from alpine sparse vegetation to alpine meadows. The surface is covered with subalpine steppe meadows (2800-2400 m asl). Then, the vegetation changes to forest meadows and mountain meadows (2400-2150 m asl). Around the lakeside belts, the vegetation varies to steppe and desert-steppe (Jin, 1995) .
Lake Sayram has a maximum water depth of 99 m and an average water depth of 46.4 m (Wu et al., 2012) . The lake is located in the hinterland of the Eurasian continent where Northern Hemisphere westerly winds are characteristic of the semi-arid climate. Water in Sayram Lake comes mainly from glacial snowmelt and phreatic water (Jin, 1995) . There are 39 inflows around the lake. Among these, 7 rivers are perennial, 13 ones are spring-fed, and 19 ones are seasonal (Jin, 1995) . The region receives annual total precipitation of 350 mm, and mean annual temperature is about 0.5°C (Wang and Dou, 1998) . Regional grasslands constitute a rich resource that is exploited by traditional Kazak herders. There are no residential villages and there is no agricultural cultivation around the lake. Nomadic grazing of livestock is the most important activity in the drainage basin.
Methodology
Sediment samples (R1, R2, R3, and R4) were collected from four seasonal rivers around the lake (Fig. 1) . Due to restrictions of field conditions, there are great difficulties in collecting dust samples in Sayram Lake Basin. However, combined with our studies near the Sayram Lake Basin, dust collectors were used to trap aeolian dustfall samples (Fig. 1c) . Traps, made of polyethylene cylinders with a diameter of 15 cm and depth of 30 cm, were vertically fitted on platforms about 3 m above the ground. The dust was directly fall into the open cylinder, and was collected six months later.
Two parallel sediment cores were collected in January 2013 ( Fig. 1 ) using a piston-percussion corer (Reasoner, 1993) fitted with 60-mm-internal-diameter Perspex tubes. The lake cores were extruded vertically in the field, and were sampled at 0.5-cm intervals. Each core sample was sealed in a labeled plastic bag. One core (30 cm long) was obtained for dating and the other (23 cm long) for particle size analysis. The yellow-brown sediment cores did not have obvious laminations. The sediment samples were dried at -50°C in a freeze-drying machine. The content of total organic carbon (TOC) was determined by oxidation with potassium dichromate (Walkley and Black, 1934) . Carbonate content was determined by the volumetric calcimeter method as described in Loeppert and Suarez (1996) , and the error in carbonate measurement was less than 5%. Magnetic susceptibility (MS) was measured in the laboratory with a Bartington MS2 susceptibility meter (Bartington Instruments, Oxford, England). Sub-samples of dried sediment from the 30-cm core were analyzed for 210 Pb, 226 Ra ( 214 Pb and 214 Bi) and 137 Cs activity by direct gamma spectrometry, using an Ortec HPGe GWL series, well-type, coaxial, low-background intrinsic germanium detector (Appleby et al., 1986) 226 Ra activity from total 210 Pb activity. Age-depth relations and sediment accumulation rates were calculated using the constant rate of supply (CRS) model (Appleby and Oldfield 1983) .
Samples were pre-treated with 10-20 mL of 30% H 2 O 2 to remove organic matter and with 10 ml of 10% HCl to remove carbonates, prior to particle size analysis. Approximately 2 L of deionized water was added and the sample was held for 24 h to remove the acid. Sample residue was treated with 10 ml of 0.05 M (NaPO 3 ) 6 and placed on an ultrasonic vibrator for 10 min to facilitate dispersion before particle size analysis. Particle size distribution was determined with a Malvern Mastersizer 2000 analyser with a measurement range of 0.02-2000 μm. The Mastersizer 2000 automatically determines median diameter and size fractions with a measurement precision <1%. The analysis was conducted at the State Key Laboratory of Lake Science and Environment, Chinese Academy of Sciences.
From the traditional explanation of grain size-distribution, the coarser or finer grain-size indicated the hydrodynamic environments of lake and river flow in humid region (Chen et al., 2004) . However, in the lakes of arid China, the terrigenous masteries blowing by wind are also the major sources of lake sediment. If we only detected the paleo-environmental change from grain-size distribution along the depth (e.g., Fig. 2 ), we would just believe that the material source are only from one geologic force (e.g., hydrodynamic force). It will cover up the real scene. Therefore, mathematical methods for arid and semi-arid lake sediments (Chen et al., 2013; Qiang et al., 2014; Xiao et al., 2012 Xiao et al., , 2013 were taken to track the depositional processes and sedimentary environments.
In this study, the total set of particle size measurements from Sayram Lake was calculated using the endmember algorithm (Dietze et al., 2012) . End-member analysis has been widely used to handle the original data set to derive quantitative and geo-scientifically meaningful end members. The minimum number of end members (EMs) required for a satisfactory approximation of the data is determined by not only the explained cumulative variance but also the coefficient of determination (R 2 ) for each size class and sample depth that can be reproduced by the grain-size distribution of the approximated end members. Cs profiles in the sediment core are shown in Fig. 3a . The 137 Cs activity first appears at 12 cm, which was assigned a date of AD 1954 (Appleby et al., 1997; Blais et al., 1995) . The 137 Cs peak at 7.5 cm recorded the 1963 fallout maximum from atmospheric nuclear testing (Miller and Heit, 1986 Particle size distribution in the core sediments Sediment mass was 3-7% total organic carbon and 27-43% carbonate (as CaCO 3 ), and was dominated by clay and silty clay. Particles were coarsest in surface sediment (~0-4 cm depth) and in the middle layers, in the interval from 10 to 15 cm. The particle size distribution data, and values for median particle size (Md), mean particle size (Ms), and standard deviation (SD) of particle sizes (Peng et al., 2005) for Sayram Lake sediments are presented in Fig. 2 . The sand (>64 μm), silt (4-64 μm) and clay (<4 μm) fractions accounted for 10.2%, 75.5% and 14.3% of the sediment, respectively. The clay-size fraction is lowest at a depth of 12 cm, but is generally higher both above and below that depth. The sand fraction is negatively correlated (r= -0.59, P<0.01) with the concentration of the clay fraction, but positively correlated with mean particle size (r=0.91, P<0.01) and median particle size (r=0.81, P<0.01).
RESULTS
Age-depth relations in the sediments
The particle size distributions of the Sayram Lake sediments were shown in Fig. 3b . Sediment particle sizes in the Sayram Lake core spanned from 0.4 to 725 μm, and particle sizes in the range 15-30 μm had the highest frequency. In general, particle size of representative samples with higher coarser contents have bimodal distribution pattern (Fig. 3c) . End-member modeling for particle size distribution Sediments with a polymodal distribution have been mathematically proven to be the sum of all sediment components, and different transport and deposition processes can be recognized based on end-member analysis (Dietze et al., 2012) . Hence, classical particle-size parameters, such as those presented above, are mathematically insufficient to describe the polymodal structure in particle size data sets. Results of end-member analysis are shown in Fig. 4 , and Supplementary Figs. 1 and 2 . The mean coefficient of determination of particle size increased when the number of end-members increased (Fig. 4a) . A fiveend-member model explained 99% of the variance in the particle size distribution (Fig. 4a) . The coefficient of determination (R 2 ) is plotted against sediment depth and particle size in Fig. 4 b,c, respectively. The five-end-member model showed goodness-of-fit statistics for particle size classes (mean R 2 =0.81) and sediment samples at different depths (mean R 2 =0.89). This indicates that the majority of the data are well represented by the model. Goodnessof-fit statistics did not improve significantly when more end members were used. Therefore, the five-end-member model was optimal.
The down-core record of relative end-member contributions is shown in Fig. 4c . End members 1 to 5 represented on average 4%, 5%, 22%, 36% and 33% of the total sediment composition, respectively (Fig. 4d) . Particle size distributions of the five end members are shown in Fig. 5 . EM1 is poorly sorted and has three prominent peaks, at 2, 23 and 417 μm. EM2 and EM3 have bimodal distributions. Although the minor modes may be from orthogonal and linearity constraints in end-member algorithm (Dietze et al., 2014) , secondary modes were not ignored with respect to their weight coefficients. The EM2 fraction has peaks at 7 and 120 μm, and the latter was the dominant mode. The EM3 fraction has a bimodal particle size, with peaks at 4 μm and 60 μm, and the former was the dominant mode. EM4 has a unimodal particle size distribution with a mode of 11 μm, and EM5 also has a unimodal particle size distribution, with a mode of 35 μm. River samples showed two modes, one about 10 μm and the other about 100 μm.
DISCUSSION
There are some multi-modal end members in the results that show two aspects. One is that the unmixing of the particle size distributions using the end-member modeling was incomplete, and the other is that end members in fact have multi-modal patterns. Results are constrained by mathematical algorithms and results thus have some shortcomings, which will require new or modified methods to handle the mixed data sets. Particle-size distribution patterns are related to manner of transportation and environment of deposition (Xiao et al., 2012) . The frequency curve of particle-size distribution produced in one sedimentation or transportation process is usually unimodal, whilst the involvement of more than one sedimentation or transportation process in sediment formation may yield a polymodal distribution .
EM1 was poorly sorted (Fig. 5a) , with three prominent modes. Multimodal EM1 is likely an example of glacially supplied material Liu et al., 2009) . Because the mean contribution of EM1 was <4% of the total sediment, we excluded EM1 from further analysis. EM2 and EM3 have bimodal distributions (Fig.  5 a,c) . The grain-size distribution of modern dust, which is a mixture of coarse-grained event dust and fine-grained background dust (Sun, 2004) , will be have bimodal distribution. The bimodal distribution of aeolian dust in our study may be attributed to mixture of local and remote suspended terrigenous material. Local material is associated with rolling and saltation, induced by strong surface (Dietze et al., 2014) . EM2 is coarser than EM3, which indicates a different transport energy. Stronger winds and/or shorter transport pathways result in greater transport of coarse-grained dust to Sayram Lake. Windblown sediment, however, is generally well-sorted and typical aeolian material is unimodal Nottebaum et al., 2014; Xiao et al., 2013) . In this case, however, particles have different patterns in the dominant modes for source area conditions and transport height and distance (Vandenberghe, 2013) . Thus, the combination of different dust transport processes leads to a bimodal distribution, which can be supported by our collected dusfall samples. Although one dust transport process will result that frequency distribution curve of modern eolian dust have narrow bimodal distribution, the mixture of multiple dust events will also lead to multimodal pattern (Fig. 5c ). EM4 and EM5 (Fig. 5b) have well-sorted sediments among the five end members. Although the rivers around the lake have different carrying capacities, which accounts for the different distribution patterns of the surface sample particle sizes collected around the lake (Fig. 5d) , the grain-size distributions of the four surface samples have unimodal patterns. Differences in hydrodynamics were responsible for the different dominant modes in the four river sediment samples taken around the lake. The terrigenous fraction of particle sizes that originate from strong rivers will be coarser. Particle size in EM5 is coarser than that in EM4, which indicates that the hydrodynamic forces that affected EM5 were stronger than those that affected EM4. The total content of EM4 and EM5 can be viewed as an indication of the regional hydrodynamic processes, which have the generally consistent trend with the variations in annual stream flow of Jinghe River (Shang et al., 2014) , near Sayram Lake (Fig. 6) .
In this study, the ratio of aeolian (EM2+EM3) to fluvial end members (EM4+EM5) was used as an indicator for the intensity of aeolian transport. From 1910 From to 1930 From and from 1980 From to 2000 (Fig. 6) , the proportion of aeolian material varied considerably because of intense dust storms. Those two periods were influenced strongly by aeolian conditions, and coincide with periods of strong aeolian transport at Chaiwopu Lake (Fig. 6) (Ma et al., 2013) , which were also dated to the intervals 1910-1930 and 1980-2000 . Apparent synchrony of dust storms in western China is best explained by regional forcing mechanisms. Regional climate was generally dry, but experienced strong oscillations from ca. 1910 to the 1930s in agreement with Chaiwopu Lake region inferred from or- ganic matter and its stable isotope ( 13 C) in the lacustrine records (Ma et al., 2013) . These conditions provided enhanced source material for aeolian transport. Meteorological data indicate increased temperature and precipitation during the past 50 years in the Sayram Lake region (Shi et al., 2007) , but human activities reduced the influence of wetter climate on surface soils. Magnetic minerals in lake sediment come mainly from surface material in the watershed. Higher values of magnetic susceptibility over the past few decades (Fig. 6 ) indicate greater erosion in the lake drainage basin, caused by human activity (Hu, 2002) . Widespread deforestation in the 1970s also opened the landscape and induced greater soil erosion. Similarly, overgrazing during the 1980s (Jin, 1995) increased land surface erosion. According to the Eco-environment Protection Program in Lake Sayram Basin (2012 -2016 (http://www.xjboz.gov.cn), raised by the government of Boertala Mongolia Autonomous Region, Xinjiang, China, inside the summer pasture area of 1.11 million mu (China unit of area; 15 mu=1 ha), 62.8 % of pasture area are destroyed and undergo degeneration. The phenomena of vegetation degradation, surface exposed and desertification are occurred in lakeside belts, and the desertification area has reached 250 hectares. We conclude that human (Shang et al., 2014) (solid line). c) Ratio of aeolian to fluvial transport fractions in the Sayram Lake core. d) Content of aeolian particle size populations recovered from the Chaiwopu Lake core (Ma et al., 2013) . e) Magnetic susceptibility (MS) of Sayram Lake sediments. Wind is the main factor for dust and sand deflation and transport (Liu et al., 2004) . The Arctic Oscillation (AO) increased and was in a positive phase during the periods 1910 -1930 and 1980 -2000 (Moritz et al., 2002 . This helped the middle latitude jet stream to blow strongly and consistently from west to east, and consequently, westerly winds were stronger than normal over the northern Eurasian Continent (Sun et al., 2001) . A strong westerly jet stream in the upper troposphere is linked to generation of cyclones and fronts at lower atmospheric levels. In turn, these may cause strong winds that lead to increased dust storm activity in the region, resulting in coarser particle size fractions being deposited in the lake.
CONCLUSIONS
Sayram Lake is located in the Tianshan Mountains of northwest China, where climate is dominated by Northern Hemisphere westerly winds. Lake sediment particle size is a conventional proxy for investigating past aeolian particle transport because it is sensitive to climate and unaffected by biological activity. An end-member modeling algorithm allowed us to distinguish the different sedimentological components in the Sayram Lake sediments, thereby providing insights into aeolian activity in this region over the past ~150 years.
Sayram Lake sediments are composed of aeolian and fluvial material that accounts for 27% and 69% of the total terrigenous sediment, respectively. The intensity of fluvial sediment transport had the generally consistent trend with the variations in annual stream flow of Jinghe River. Aeolian deposition was relatively stronger during the intervals 1910-1930 and 1980-2000 , periods when fluvial inputs were relatively low. The strong aeolian conditions during 1910-1930 and 1980-2000 coincided with periods of such strong wind transport inferred from the sediment record of Chaiwopu Lake in the central Tianshan Mountains (Ma et al., 2013) . Apparent synchrony of dust storms in western China is explained by regional forcing mechanisms.
This study used grain-size data to distinguish aeolian from fluvial fractions in a lake sediment sequence from northwest China. Future work will combine the grain-size algorithm with other lake sediment variables, such as elemental data and mineral assemblages, to better distinguish sediment sources. 
